Only a few studies have examined the relationship between self-assessment of affective symptoms and brain activation in a non-clinical population. The aim of the present study was to assess this relationship and examine the underlying cortical mechanisms in a non-clinical population. Seventy-nine healthy volunteers were assessed for affective symptoms using the Zung Self-rating Depression Scale (SDS), for apathy using the Apathy Scale (AS), and for feelings of stress using the Stress Arousal Checklist (SACL). Participants also performed a serial arithmetic task according to the Uchida-Kraepelin performance test while hemoglobin concentration changes were assessed on the surface of the prefrontal cortex (PFC) using 32-channel near-infrared spectroscopy (NIRS). The activity on the right side of PFC had a significant negative correlation with the SDS score. The AS and SACL scores were positively correlated with the SDS score. Furthermore, in a multiple regression analysis, SDS scores were predicted by the activity of the right PFC, AS scores, and SACL scores. These results suggest that the association between the cortical activation changes, apathy, and feelings of stress may objectively identify individuals with sub-threshold affective symptoms.
Introduction
Variability in affective state has been observed in non-clinical populations, and such variability has been shown to have a high correlation with psychosocial functioning. For example, the presence of sub-syndromal depressive symptoms has a negative impact on psychological functioning (Judd et al., 1996) . Investigation of the relationship between affective symptoms and brain activation is one approach to understanding the underlying nature of affective symptoms in more depth. Many brain activation studies using a combination of brain images and cognitive tasks have helped reveal the neural basis of psychiatric disorders such as major depressive disorder (MDD) (Harvey et al., 2005; Hugdahl et al., 2004; Pu et al., 2008) . Interestingly, most studies using a phonemic verbal fluency task (e.g., producing words that begin with a particular letter) showed hypoactivation of the prefrontal cortex in patients with MDD (Audenaert et al., 2002; Matsuo et al., 2002; E. Okada & Delpy, 2003; Videbech, 2000) . In contrast, studies of MDD using other effortful cognitive tasks identified hyperactivation of the prefrontal cortex (PFC), indicating possible compensatory activity to maintain task performance (Harvey et al., 2005; Hugdahl et al., 2004; Matsuo et al., 2007) . Although the corresponding author in the present study previously reported that affective symptoms were associated with prefrontal hyperactivation using the Trail Making Test (TMT) in a non-clinical population (Sawa et al., 2012) , only a few studies have examined the relationships between affective symptoms, cognitive function, and brain activation in a non-clinical population. Furthermore, it is not clear whether sub-threshold affective symptoms of individual subjects interact with brain activation during a serial arithmetic task.
NIRS has been recently investigated as a noninvasive means of assessing functional activity in the brain via measured hemodynamic responses (Sitaram et al., 2007) . Unlike electroencephalograms (EEGs), however, NIRS measurements do not require cumbersome skin preparation and electrode gels. Moreover, the thought processes required to intentionally generate the NIRS signals are relatively simple and more directly reflect cognitive function (Coyle et al., 2004) . NIRS has been used for the non-invasive measurement of concentration changes in oxygenated hemoglobin (oxy-Hb), deoxygenated hemoglobin (deoxy-Hb), and total hemoglobin (total-Hb) related to brain functions. Optical topography is an application of NIRS using multiple measurement positions that allow brain activation to be imaged (Maki et al., 1995) . Optical topography is uniquely useful because it is non-invasive and can be used without restraining the subject. NIRS determines the properties of brain tissue by transmitting near-infrared electromagnetic radiation (650 -950 nm wave lengths) through the skull and comparing the intensities of the returning and incident light. Because the fraction of light absorbed versus the fraction transmitted is dependent on the concentrations of chromophores, NIRS can be used to assess hemodynamic responses in regions such as the motor cortex (using motor imagery tasks (Sitaram et al., 2007) ) and the PFC (using music imagery (Blood & Zatorre, 2001) , mental arithmetic (Villringer & Chance, 1997) , or preference tasks (Luu & Chau, 2009)) . In this study, we used NIRS to assess the activity of the PFC of the brain during an intelligence task.
This study aimed to evaluate if PFC activity measured by NIRS might represent a biological assessment of sub-threshold affective symptoms when the affective state is evaluated in non-clinical population. We hypothesized that abnormal cortical activation in a non-clinical population, as measured by NIRS, would be associated with sub-threshold affective symptoms in a neuro-psychological profile. We performed the following study to test this hypothesis directly.
Methods

Subjects
Seventy-nine healthy volunteers (29 males, 50 females) participated in this study (mean age, 20.84 ± 0.46 years; range, 20 -22 years) . All subjects were determined to be right-handed using the Edinburgh Handedness Inventory Scale (Oldfield, 1971) . Participants were recruited from the Prefectural University of Hiroshima. Participants were recruited primarily via emails, advertisements in a campus newspaper, and recruitment posters. Participants also had to be able and willing to attend the research study. All participants were students. No subject had a history of neurological disorder, major psychiatric disorder, substance abuse, head injury, or major physical illness, or was using any psychotropic medications at the time of the study. Assessments for affective states were based on self-rating scales with a structured diagnostic interview (Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV)). The study was approved by the ethics committee of the Prefectural University of Hiroshima. The content of the study and ethical considerations related to subjects were explained to subjects, and written informed consent to participate in the study was obtained.
Activation Task
The activation task consisted of a 3-min pre-task baseline, a serial arithmetic task, and a 3-min post-task baseline. Each subject sat on a comfortable chair in a quiet room and was ordered to keep his/her head as immobile as possible and not to speak. The task was a serial addition test (Sugimoto et al., 2009 ) that required subjects to perform calculations as fast and accurately as possible within 15 min. This was achieved using pre-printed paper containing 15 lines of random, single-digit, horizontally aligned numbers. For each minute of the test, the subject was instructed to begin a new line regardless of their position on the current line. Each line contained an excess of calculations such that the subjects were not able to finish any line in a particular minute before being prompted by the examiner to move to the next line for the next minute.
Assessment of Intelligence Quotient, Affective Symptoms, Extent of Apathy, and Feelings of Stress
Each subject was assessed for intelligence quotient (IQ), affective symptoms, extent of apathy, and feelings of stress. The National Adult Reading Test (NART) was used as simple and quick assessment of intelligence. NART is widely used as a measure of premorbid IQ. A Japanese version of the NART (JART) was used that contained 50 Japanese irregular words, all of which were Kanji (ideographic script) compound words. Reading performance based on JART and IQ as measured by the Wechsler Adult Intelligence Scale-Revised (WAIS-R) was examined in a sample of 100 normal elderly persons. A linear regression equation was obtained in which the observed full-scale IQ was regressed on the reading errors of the JART (Matsuoka et al., 2006) .
Subjective affective symptoms were measured using the Zung Self-rating Depression Scale (SDS) (Zung, 1965) , a self-rating scale that consists of 20 questions. The SDS score ranges from 20 (best) to 80 (worst), and the average score in a normal control Japanese population was 35.1 ± 8.0 (mean ± SD) (Fukuda & Kobayashi, 1983) . A higher score on the SDS is indicative of a relatively greater degree of affective symptoms.
The extent of apathy was measured using the Apathy Scale (AS), a self-rating scale for assessing the tendency to apathy that consists of 14 questions (Starkstein et al., 1992; Starkstein et al., 1993) . This scale is an abridged version of Marin's Apathy Scale (Marin, 1991) . The AS score ranges from 0 (best) to 42 (worst), and the average score in a normal control Japanese was 8.7 ± 6.6 (mean ± SD) population (K. Okada et al., 1997) . A higher score on this scale is indicative of a relatively greater degree of apathy. Each participant's mood was evaluated by the Japanese version of the Stress Arousal Checklist (JSACL). The JSACL (Hatta, 1995) was originally developed from the Stress Arousal Checklist (SACL) by Cox and Mackey (Cox & Mackay, 1985) . JSACL is a validated tool for measuring stress and arousal levels. It has been used in a number of contexts, including general practice (French et al., 2001; Heaney et al., 1998; Porter et al., 1985) . JSACL consists of 30 adjectives that describe feelings and moods; respondents use a 4-point scale to indicate how accurately each adjective matches their current state. The range of scores is −26 to 28 for stress and −17 to 19 for arousal. A higher score on this scale is indicative of a relatively greater degree of stress (JSACL-ST) or arousal (JSACL-AR).
NIRS Measurement
In this study, changes in the concentration of oxy-Hb and deoxy-Hb were measured using a 32-channel NIRS machine (FOIRE-3000; Shimadzu Co., Kyoto Japan). This imaging technique is designed with three different wave lengths of 780, 805, and 830 nm to monitor changes in oxy-Hb, deoxy-Hb, and total-Hb, respectively. The distance between the pair of emission and detector probes was 3.0 cm, and it was considered that the machine could measure points at a depth of 2 to 3 cm from the scalp, that is, the surface of the cerebral cortex (Hock et al., 1997; Toronov et al., 2001) . As shown in Figure 1 , the probes of the NIRS machine were placed on the subject's bilateral frontal region. Based on the international 10 -20 system, the lower central edge of each probe was suited above Fpz, along the reference curve T3-Fpz-T4. The 32 channels probably covered the middle and supe- rior PFC regions (BA9, 46, 10). The optical signal measured in each trial was transformed into a time series of optical topography signals based on the modified Beer-Lambert law (Maki et al., 1995) . We used oxy-Hb signals as the representative optical topography signals in this study, and the time-course data were bandpass-filtered between 0.02 and 0.8 Hz to remove components originating from the slow fluctuations of cerebral blood flow and heartbeat noise. Smoothing was performed by the moving average method (a boxcar filter) with a sliding time window of 1.1 s.
Analytical Methods
The analysis focused on changes in oxy-Hb, which were defined as the mean concentration of oxy-Hb. Changes in oxy-Hb were assumed to reflect cognitive activation more directly than deoxy-Hb changes, as shown by their stronger correlation with blood-oxygenation level dependent signals measured by functional magnetic resonance imaging (fMRI) (Strangman et al., 2002) .
The continuous stream data were divided into blocks that each consisted of a 180-s pre-task period, a 900-s task period, and a 180-s post-task period for further analysis. Before individual averaging, baselines were corrected with mean z-scores of 5 s before each task. For each subject, the mean change in the concentration of oxy-Hb was calculated for each channel. These measurements were used for statistical analysis. Using the paired t-test, the mean hemoglobin changes were determined. Further, measurement positions with significant mean values were identified as activation positions.
The grand average waveforms of the oxy-Hb concentration changes were obtained for all subjects, based on each subject's waveforms in all 32 channels.
To examine the relationship between the sub-threshold affective symptoms and apathy, the feelings of stress, oxy-Hb changes during the serial arithmetic task, Spearman's rank correlation coefficient was used.
A stepwise multiple regression analysis was conducted to determine the unique contributions of variables assessed (IQ, apathy, the feelings of stress, oxy-Hb changes) to sub-threshold affective symptoms. Then, using variables assessed that showed significant correlations, stepwise multiple regression analysis was done to determine which clinical variables were the best predictors of sub-threshold affective symptoms. Each variable was entered into the multiple regression analysis if its F value was >4.
All analytical values were considered significantly different at p < 0.05. Statistical analyses were performed using PASW Statistics 18.0 software (SPSS Japan Inc., Tokyo, Japan).
Results
Variables Assessed
Variables assessed included age, IQ, affective symptoms, extent of apathy, and feelings of stress (Table 1) . Data collection of these variables took place from January to March 2013. IQ was assessed by treating psychiatrists. Self-assessment scales were used for the assessment of affective symptoms, apathy, and feelings of stress. These variables were all assessed on the same day. Each variable was assessed a single time.
Channels Indicating Cortical Activation
All channel positions yielded statistical significance indicating cortical activation and reached the 5% level of statistical significance using t-test. Figure 2 shows the mean of all NIRS data from 79 volunteers during the entire 21-minute test. As shown in Table 2, oxy-Hb changes during the serial arithmetic task were negatively correlated with the SDS score in channel 1 (CH1) (r = −0.261, p = 0.020), CH7 (r = −0.233, p = 0.039), and CH14 (r = −0.233, p = 0.039). No channel showed oxy-Hb changes during the serial arithmetic task that were positively correlated with the SDS score.
Correlation with Oxy-Hb Changes during the Task
Correlation Coefficients between SDS Score and Other Variables Assessed
As shown in Table 3 , AS score and JSACL-ST score were positively correlated with the SDS score (AS: r = 0.533, p < 0.001, JSACL-ST: r = 0.513, p < 0.001). JSACL-AR was negatively correlated with the SDS score (r = −0.492, p < 0.001). Table 4 shows results of stepwise regression analysis on sub-threshold affective symptoms. SDS was significantly predicted by AS, JSACL-ST, and oxy-Hb changes in CH1 during the serial arithmetic task.
Stepwise Regression Analysis
Discussion
In this study, we demonstrated that sub-threshold affective symptoms were associated with brain function in a non-clinical population. We showed that participants with a higher score of SDS had a smaller increase in oxyHb in the frontal cortical regions in the context of equal performance during the serial arithmetic task. Previous neuroimaging studies on cognitive impairment in patients with MDD demonstrated frontal hypoactivation (Audenaert et al., 2002; Matsuo et al., 2002; E. Okada & Delpy, 2003; Videbech, 2000) and hyperactivation (Harvey et al., 2005; Hugdahl et al., 2004; Matsuo et al., 2007) . Our results are consistent with Matthews' study (Matthews et al., 2009) , who reported hypoactivity in the subgenual cingulate during inhibitory processing associated with symptom severity in patients with MDD using fMRI. We showed that oxy-Hb changes in the frontal regions during the serial arithmetic task were negatively correlated with the SDS score using NIRS. There is no previous study that investigated the relationship between self-assessment of affective symptoms and frontal activation using a serial arithmetic task in non-clinical population. However, some studies have examined this relationship using other cognitive tasks. Previous NIRS studies have consistently shown that MDD patients have less activation in the frontal cortical regions than healthy controls during the verbal fluency task (Herrmann et al., 2004; Kameyama et al., 2006; Matsuo et al., 2000; Matsuo et al., 2002; Ohta et al., 2008; Pu et al., 2008; Suto et al., 2004) .
We showed that oxy-Hb changes in the right PFC during the serial arithmetic task were negatively correlated with SDS using NIRS. The present findings have implications for understanding the clinical presentation of individuals with sub-threshold affective symptoms. Recent research suggested that reduced right frontal and temporal cortex activation visible by NIRS during the verbal fluency task is related to the severity of symptoms of MDD (Noda et al., 2012) . In addition, the various right hemisphere regions taken together are ideally suited for a threat-response system (Nitschke et al., 2000) . Frontally mediated mechanisms inhibit ongoing behavior and interrupt ongoing activity to stop and take stock of a situation. Thus, depression-related activity in right dorsolateral PFC (DLPFC) signals the presence of a threat and is associated with negative affect, avoidance or withdrawal behavior, anxious arousal, and other behavioral manifestations indicative of a threat response (Herrington et al., 2010) . In the present study, we placed 3 × 5 flexible optode holders on the subject's bilateral frontal region as the lower central edge of each probe was suited above Fpz. Tsuzuki's study demonstrated how to implement the virtual registration method in actual situations. They suggested that, if the lower central edge of each probe is suited above Fpz, the frontopolar column is read as the reference optode on the third row of the third column of the holder, which is placed on Fpz so that the third optode row aligns to the T7-Fpz-T8 reference curve (Tsuzuki et al., 2007) . Therefore, the upper side of each probe seems to be nearer to the DLPFC. In the present study, it was suggested that the channels nearer to the right DLPFC were associated with the SDS score. In the present study, oxy-Hb changes during the serial arithmetic task were negatively correlated with the SDS score in CH1, CH7, CH14; stepwise regression showed that only oxy-Hb changes in CH1 predicted SDS. CH1 is the most posterior channel among all channels and in the right side of PFC.
As shown in Table 3 , the AS score was positively correlated with the SDS score. Yang's study suggested that apathy should probably be regarded as different from depression and requires distinct prognostic and therapeutic strategies (Yang et al., 2013) . For example, it has been found that in patients with a stroke, crying and sadness were associated with a subjective feeling of depression whereas apathy was not (Carota et al., 2005) . However, in the present study, as a relationship between apathy and depression of sub-syndromal level in healthy subjects, it was suggested that there was a significant overlap between them. Meanwhile, the JSACL-ST score was positively correlated with the SDS score. Hinton's study (Hinton et al., 1991) suggested that SACL assesses aspects of worry and anticipatory fear rather than either a general emotional stress reaction of unease or a compound of the wide range of emotional reactions associated with stress. In other words, they suggested that SACL is highly correlated with Spielberger's State-Trait Anxiety Inventory "state anxiety" scale. Furthermore, Bieling's study showed that the State-Trait Anxiety Inventory total score was more strongly correlated with measures of depression than with those of anxiety (Bieling et al., 1998) . The above-mentioned findings can explain our results that showed strong a positive correlation between JSACL-ST score and SDS score. On the other hand, there was a negative correlation between JSACL-AR score and SDS score. JSACL-AR appears to represent wakefulness/ drowsiness or vigor (Cox & Mackay, 1985) . The adjectives belonged to distinct categories: arousers could be either positive (e.g., active, energetic, activated, alert, lively, stimulated) or negative (e.g., drowsy, tired, idle, sluggish, sleepy) (Mackay et al., 1978) . The adjectives belonging to JSACL-AR are similar to words for specific statement (I have trouble sleeping at night, I get tired for no reason) in SDS. Therefore, it could be assumed that there was a negative correlation between JSACL-AR score and SDS score.
The corresponding author in the present study previously reported that the SDS score was associated with prefrontal "hyperactivation" during the TMT (Sawa et al., 2012) . Our present study showed that the SDS score was associated with prefrontal "hypoactivation" during the serial arithmetic task in a non-clinical population. The reason for this inconsistency is unclear, but one possible explanation is the difference between the activation tasks that may have caused the discrepancies in brain activation. Many authors have suggested that the TMT reflects several cognitive functions, involving visual search, motor speed, and spatial skills (Lezak et al., 2004; Strauss et al., 2006) . Conversely, in a recent meta-analysis including 53 fMRI data sets on brain activation during the arithmetic task, Arsalidou and Taylor identified three distinct regions in the PFC that contribute to performance during mental arithmetic (Arsalidou & Taylor, 2011) . It is assumed that the PFC contributes to the arithmetic task more than the TMT.
Our results are consistent with our hypothesis. We found that frontal hypoactivation was associated with selfassessment of affective symptoms in a non-clinical population. Our present methods combining behavioral and NIRS measurements enabled us to detect the effects of sub-threshold affective symptoms on brain function that would be difficult to detect by behavioral output alone.
The reason we inspected the frontopolar cortex in the present study is as follows. The frontopolar cortex (BA10) is thought to have enlarged and become specialized during hominid evolution (Semendeferi et al., 2001 ). Enlargement and specialization provide a higher level of control to coordinate both ventrolateral and dorsolateral functions to maximize task performance. The frontopolar area is also thought to serve as a "gateway" between the mental life and the external world (i.e., mediates a mechanism that affects bias between attending to the outside world and to our own thoughts) (Burgess et al., 2007) . In short, we thought that the oxy-Hb changes during the task performance may be influenced by the mental life because the frontopolar cortex serves as the gateway between affective state and PFC activity responding to performance.
The present study has several limitations. First, the cross-sectional nature of our study precluded a firm conclusion regarding any causal relationship between frontal hypoactivation and sub-threshold affective symptoms. Second, females were included as participants. Women may have potentially influential factors, such as mood fluctuations across the menstrual cycle, and our findings may be influenced by several factors specific to women. Third, age and IQ were controlled with participants in the present study limited to 20-to 22-year-old people. A previous study has shown age-dependent differences in cerebral activation using NIRS (Kameyama et al., 2004) ; these are factors that can potentially affect brain function. Fourth, power analysis and corrections for multiple comparisons were not conducted in our study as in most previous NIRS studies. It is obvious that our results cannot provide conclusive results in terms of the relationship between the severity of affective symptoms and right PFC activation. Additional studies are needed to replicate our findings, preferably with larger numbers of subjects and corrections for multiple comparisons (although a correction method for multiple comparisons in an NIRS study have not yet been established) to help further address the possibility of a type 1 error. Further studies should take these factors into account. With these limitations in mind, this study provides evidence to support the hypotheses that sub-threshold affective symptoms are associated with abnormal cortical activation during the serial arithmetic task in a non-clinical population.
In conclusion, the degree of sub-threshold affective symptoms was associated with prefrontal hypoactivation, which is combined with apathy and a high degree of feelings of stress. On the basis of these findings, we assume that the combination of apathy, feelings of stress, and the right side of PFC during the serial arithmetic task measured by NIRS may be used objectively to identify individuals with sub-threshold affective symptoms. Further functional neuroimaging studies focusing on affective states at a non-clinical level may elucidate the brain mechanisms underlying these conditions. These studies may be beneficial for assessment of mental health in healthy subjects and the prevention of suffering from affective symptoms.
